The nonlinear saturation of Stimulated Brillouin Scattering (SBS) in long Beryllium plasmas (500 pm) and for long time (500 ps) is studied in detail through well-diagnosed 1D-hybrid PIC simulations (Bzohar [l] ). Under conditions of interest, when the linear gain associated with the SBS growth is large, it is shown that following a first phase of large and bursty SBS reflectivity, SBS is suppressed by a self-induced spatial detuning due to inhomogeneous modifications of the (locally averaged) ion distribution function. This nonlinear evolution is generic over a wide range of laser intensities and plasma parameters. Understanding the nonlinear saturation of SBS in plasmas relevant to future fusion facilities such as the National Ignition Facility (NIF) is necessary to improve the energy coupling into the fusion capsule and to develop models that will predict SBS laser energy losses. The SBS instability results from the resonant coupling of an intense laser pulse with an ion-acoustic wave. The resulting driven ion-acoustic wave has been shown to saturate [2- 41. Various mechanisms have been suggested to explain ion-wave saturation, including frequency detuning induced by trapping [2, 4, 51, 2-ion-wave-decay [l, 6, 71, increased linear landau damping due to kinetic ion heating [8, 91 , nonlinear damping associated with wavebreaking and trapping [lo, 111 or coupling with higher harmonics [12, 131 . In this letter, we describe the generic behavior of SBS observed in 1D-PIC simulations of long plasmas for long time, and suggest a new mechanism to explain the overall suppression of SBS at long time: a self-induced spatial detuning due to inhomogeneous modifications of the (locally averaged) ion distribution function.
We have done 1D-hybrid PIC (PIC ions and Boltzmann fluid electrons) simulations of a 500 pm Be plasma with an electron temperature Te = 430 eV, ion temperature Ti = Te/2, electron density ne = lo2' ~m -~, parameters representative of experiments done at TFU-DENT [2] . The wavelength of the interaction beam is A0 = 0.53 pm, with intensity Io in the range 1.25 x lo1*-1015 W cm-2. This corresponds to ne/n, = 0.025 and k,AD = 0.4, where k, = 2ko is the wave vector of the SBS driven acoustic waves. Typically a spatial resolution of Ax = AD was used, with 100 particles per cell (higher resolution or particle number didn't show any significant differences). Fig. 1 shows the typical temporal evolution of the SBS reflectivity R s~s .
The laser intensity is ramped up to its peak value over 50 ps. One can see two successive phases: during the first 200 ps, R s~s reaches large instantaneous values in a succession of short temporal peaks. Its time-averaged value, assuming a typical instrumental temporal resolution of 40 ps, also reaches increasingly large values with higher laser intensities but shows that a much better temporal resolution is needed t o resolve the bursts of reflectivity (this measurement will also require some spatial localization, using Thomson scattering for instance). Later, Rsss is reduced to the percent level for all intensities, and remains at this low level until the end of the simulation. We now study in detail these two phases. 1) First, as the laser is ramped up, the amplitude of the acoustic wave grows from the fluctuation level. The linear amplitude gain exponent for SBS, assuming linear Landau damping, is 7.5 at the lowest intensity shown in damping ( v~/ w , = 0.05) during the first rise of reflectivity (electron Landau damping would be 0.01 and is not included in these simulations). Nevertheless, the convective gain remains large and this energy loss is not able to stop the growth of the instability.
Indeed, once the reflectivity (and the driven acoustic wave amplitude) reaches its first peak value, energy transfer from the field into the particles decreases ( (Fig. 2b ). This frequency shift detunes the three-wave-coupling prccess responsible for SBS, allowing energy transfer back into the pump wave [5] , as shown in Fig. 3 resulting in a decrease of the amplitude of the driven acoustic wave. The solid curve in Fig. 2b shows the frequency corresponding to the linear response of the plasma when the locally-averaged ion distribution function has been modified, and is obtained by solving ~( w , , k , ) = 0. This does not include dynamic effects such as contributions from trapped particles. Hence, the detuning doesn't vanish with the acoustic wave. The dashed curve represents the frequency of the actual acoustic wave with wavenumber IC,, as determined by temporal windowed Fourier transform. This is the actual frequency of the SBS-driven acoustic wave that could be measured with Thomson scattering for instance. One can see that it follows the evolution of the local resonant frequency. The difference in frequency between the two curves is due to the fact that the backscattered light seen at a given position comes from parts of the plasma farther to the right, and the resulting ponderomotive driver tends to be at a higher frequency than the downshifted local acoustic resonance (see below).
We will now show that some of the sudden decreases in the amplitude of the primary acoustic wave that follows the detuning of the instability are caused by decay of the primary wave into longer wavelength modes. Indeed, Fig. 4 shows the time evolution of the k-spectrum of acoustic waves. The steep drop in 16n/nl around t = 110 ps, as well as the later drop at t = 180 ps, coincides with the appearance of a broad spectrum of longer wavelength acoustic waves. The exact correlation in time between the energy loss from the (spectrally narrow) primary wave and the rise of the energy contained in the longer wavelength modes is evident on the line-outs plotted on the left part of Fig. 4 . As was suggested by [I, 71, a frequency shift of the primary acoustic wave can help trigger the acoustic decay instability. Here, kinetic modifications of the ion distribution function produce such a negative shift, and the (Landau) damping has 'almost vanished, which reduces the decay threshold. Note that the effective damping Y (Fig. 2a) fluctuates in time due to recurring wave-particpe interaction when the acoustic wave reaches large amplitude, but is low when decay occurs. Using the dispersion relation from [l] to determine the growth rate of the decay instability, one finds that a 5% decrease in w, is enough t o transform the geometry of the decay process from a 2D problem to lD, where the growth rate peaks for decay products along the primary wave vector and its peak value is increased. The wavelength of the decay products is very sensitive to the actual frequency mismatch, which is consistent with the Fig. 2) . Right, one can see the decay of the primary SBS-driven acoustic wave into longer wavelength modes. Left, lineouts show the energy transfer from the primary SBS-driven acoustic wave (solid) into the long wavelength modes (dashed). The dotted line shows the energy contained in the shorter wavelength modes.
observed broad spectrum in Fig. 4. 2) As seen in Fig. 1 , time-averaging the oscillations of Rsss shows an overall decrease of the reflectivity with time, until it stays below the percent level and the corresponding driven acoustic waves are down to )bn/nl < 0.01. This generic behavior is mostly independent of the laser intensity used to drive the SBS instability. This long time suppression of SBS can be explained by spatially inhomogeneous modifications of the ion distribution function. Driven by SBS, a large acoustic wave grows in the front of the plasma, while it remains smaller in the back of the plasma (following the usual convective growth picture). Wave-particle interaction (linear and nonlinear Landau damping, trapping and perhaps wave breaking) is thus stronger in the front, where the ion distribution function is more deeply modified than in the back, where it stays close to a Maxwellian. Consequently, the local acoustic frequency in the front of the plasma is smaller than in the back, and a spatial detuning of the instability occurs (Fig. 5) . We would like to emphasize that the detuning is caused by a change in the quasi-linear response of the plasma arising from the modification of the locally-averaged (over a few acoustic wavelengths) distribution function. During the first phase described above, the front of the plasma sees a broadband spectrum of backscattered light coming from various depths (and thus corresponding to various resonant acoustic frequencies), which precludes the existence of any long-lasting BGKlike modes, as both the amplitude and frequency of the local acoustic wave vary quickly. This is probably different from what would happen in a simulation done using a fixed driver at a given frequency [14] . To check this scenario, the simulation was stopped at t = 250ps, when SBS has been suppressed, and restarted after having locally scrambled the ions: each particle was randomly moved in space (the displacements followed a gaussian distribution of width A,). As a result, the locally averaged distribution function remained unchanged, but the coherent electrostatic fields (the driven acoustic waves and remaining decay products) were suppressed.
SBS was found to stay at the same low level as before scrambling. It should be noted that the kinetic energy of the ions didn't increase in the rest of the simulation, ruling out an increased Landau damping due to the hot ion tail as a possible saturation mechanism. Indeed, the distribution function is relatively flat in the neighborhood of the phase velocity, suggesting that the Landau d a m p ing is reduced. Another attempt at restoring SBS was done by ramping up the laser intensity after t = 250ps to four times its initial value. SBS then reappeared for a while, but vanished again after further modification of the distribution function. These 1D simulations include no loss term (collisions [5, 81, transverse loss [14, IS] ), and one can estimate the time needed for restoration of an homogeneous distribution function. Assuming for instance a 60 pm wide focal spot [2] , it takes 1.2 ns for a thermal ion (2rthi = 0.05 pm/ps) to go across the beam, and even assuming a Mach-2 transverse flow [2] , w,+, = 0.15 pm/ps, the characteristic loss time is 200 ps. As noted before, the long-time detuning is due t o modifications of the spatially averaged distribution function , so that ions leaving a hot spot inside the beam do not have to be in phase with the local acoustic wave present in the neighbor hot spot to induce detuning: the transverse length that should be used to compute a loss rate due to advection is the width of the whole beam, not of a single speckle. This is different from what will happen in a so-called single speckle experiment, where the timescale of transverse loss is less than 10 ps.
Advection of hot ions (at w N w+) along the laser p r o p agation axis will also homogenize the distribution function, but this corresponds to a diffusion over only 37 pm in 250 ps (compared to a plasma length of 500 pm).
Ion-ion collisions can be important in the cold plasma considered here and were neglected in the simulations.
As the fast ions thermalize, energy (and momentum) is transferred from the tail into the bulk. This results in an inhomogeneous Ti throughout the plasma, leading to a gradient (that would be weaker than in the collisionless case) in the acoustic frequency, which increases compared to its initial value. This is consistent with the local increase in Ti observed in [2] , which scaled with the local SBS-driven acoustic wave amplitude. The relaxation rate of a modified distribution function with a plateau of width wthi around V p h i towards a Maxwellian is given by the parallel diffusion rate of fast (u M w4) ions in a background of thermal ions times (uphi/wthi)' which here gives = 5 x 101os-l. Non-local thermal effects could also result in an additional detuning, as the acoustic frequency depends on the local electronic temperature. Nevertheless, simulations done in a hotter plasma (T, N IkeV), where collisions and non-local effects can be neglected, show that detuning by modification of the ion distribution function remains the main saturation process for SBS.
In summary, we have done a detailed study of the nonlinear evolution of SBS under laser/plasma conditions relevant to recent experiments done at the Trident facility [2] . A generic behavior of SBS is described, which consists in two successive phases. First the SBS reflectivity is large and fluctuates. These fast fluctuations were associated with nonlinear frequency shifts due to kinetic effects and sudden decays of the primary driven acoustic wave into longer wavelength modes. The large acoustic waves driven during this first phase modify in an inhomogeneous way the ion distribution function, which spatially detunes the instability, as the acoustic frequency is no longer constant throughout the plasma. As the time needed to restore an homogeneous distribution function (through advection, transverse loss or collisions) is very long, SBS remains low for the rest of the simulation. This picture of the nonlinear saturation of SBS remains true over a broad range of intensities, and is consistent with earlier 2D simulations [l, 71 which showed a large SBS reflectivity early in time followed by a low reflectivity later in the simulation. It could also explain SBS measurements from CH gasbags [15] 
